Abstract-Hydraulic fluids are liquids used as the motive medium in hydraulic machinery and equipment. The current interest in protecting the environment has created a demand for vegetable-based and biodegradable hydraulic fluids. However, the lubricating properties of the vegetable-based such as poor oxidative stability and high pour point have hindered their use. In this study, Trimethylolpropane (TMP) Ester or TMPE, which is derived from palm oil-based methyl ester (POME), was used as the base fluid. The objective of this research is to study the lubrication properties of the formulated TMPE (TMPE + 1.0% of Additive A), namely the pour point (PP) test, wear and friction test and filterability test. The pour point obtained from this research was 10°C before applied to the lab-scale hydraulic test rig. This reading is much higher if compared to the commercial hydraulic fluid, which has the pour point of -30°C. Nevertheless, this result was slightly comparable to the unformulated TMPE, 12°C. The wear test shows that at 15 kg load, the WSD was 1.0 mm before application (at 0 hour), with the coefficient of friction (CoF) was 0.04 as compared to the WSD of unformulated oil, 0.46 mm and CoF of 0.04. There is no data available at 15kg load for the commercial hydraulic oil compared. Meanwhile, at 40 kg load, the WSD recorded was 3.24 mm before the application compared to commercial hydraulic oil, 0.36 mm and unformulated oil, 0.64 mm. After 800 hours application, the WSD increase sharply both for 15 kg (1049 mm) and 40 kg (3364 mm). It showed that there were particles built in the formulated oil. This is supported by the filterability study.
I. INTRODUCTION
Increasing attention to the environmental issues drive the lubricant industry to increase the ecological friendliness of its product. For the last decade, the industry has been trying to formulate biodegradable lubricants with technical characteristic superior to those based on mineral oil (petroleum). Volumes of lubricants, especially engine oils and hydraulic fluids, are relatively large and most of them are based on mineral oils. Lubricants based on vegetable oils still comprise a narrow segment; however they are finding their way into such application as chainsaw bar lubricants, drilling muds and oils, straight metalworking fluids, food industry lubricants, open gear oil biodegradable grease, hydraulic fluids and marine oils [1] .
Most of vegetable oils tested are highly mono-unsaturated oil. Vegetable oils with high level of unsaturation are highly susceptible to oxidation and less suitable for lubricants. Highly saturated oils such as palm oil, make the best lubricants because of their good oxidative stability. However, their poor pour point, limit their use in vehicles and machines unless additives are added to the oils. Some of the industrial applications of lubricants impose stringent demands on them and thus require stable oils. Typical stable oils are more expensive and need to be specially formulated. Vegetable oils are greasy and have more oiliness, but they are easily oxidized and acidic [2] .
In general, vegetable oil-based products biodegrade by 90% within 28 days application. Where the potential for toxicity and groundwater contamination are a concern, vegetable lubricants are certainly the products of choice. However, many papers reported that vegetable oils have problems mainly related to oxidative stability, incompability with bearing materials, low friction torque and lowtemperature properties (low Pour Point) [3] .
Many tests have shown that vegetable oils such as corn, sunflower, rapeseed, canola, soybean and jojoba oil can be used in lubricant formulation. Some vegetable oils formulations perform as well as or better than that of commercial standard, 10W-30SG, when blended with additives [1, [4] [5] . Attempts have been made to improve oxidative stability of transesterification of trimethylolpropane and rapeseed oil methyl ester [6] and also by selective hydrogenation of polyunsaturated C=C bonds of FA chains [7] . Temperature characteristics of the vegetable oil basedlubricant are one of their unique characteristic. They have better viscosity index (variation of viscosity). In other words, they exhibit better lubricity than petroleum or synthetic oils. This characteristic will result in lower engine friction, increase fuel economy and engine life.
Hydraulic fluids are consumed approximately 5 million metric tons per year in the US [8] , have the highest need for biodegradable lubricants. Vegetable oils have reputation of a low-cost candidate for the biodegradable replacement of mineral oils due to their high inherent biodegradability [9] [10] . However, due to their unsatisfactory performance curbs their more widespread utilization as lubricants.
One example of hydraulic fluid by using vegetable-oil as the base fluid is the soybean oil. In 1996, a costly 25-gallon hydraulic oil spill from a street sweeper prompted Sandia National Laboratories (SNL, Albuquerque, New Mexico) to look for alternatives. A pilot program was initiated by the SNL in order to test a soy-based hydraulic fluid. The product, BioSoy (developed by the UNI's ABIL program and marketed by West Central Cooperative), was tested in 20 mobile hydraulic machines, including sweepers, garage trucks, fork lifts, motor graders, front end loaders, a soil probe and others [11] . The BioSoy are now used by the SNL in all hydraulic equipment in its fleet. For similar reason, a canola-based hydraulic fluid (made by HydroSafe Oil Division of East Lansing, Michigan) was used by Johnson & Johnson who had made it a world-wide company policy since 1986 in their hydraulic elevators [12] .
The main objective of this paper is to examine the lubrication properties of the formulated palm-based trimethylolpropane (TMP) Ester or known as TMPE, in which the TMPE (unformulated oil) is used as the base oil for hydraulic fluid application. In the previous research, attempts have been made to overcome the weaknesses of the vegetablebased oil. One of the alternatives was made by the production of synthetic ester (TMPE), via transesterification reaction a polyol; involving trimethylolpropane (TMP) fatty acid methyl ester (PME) derived from palm oil and sodium methoxide as a catalyst [2] . The lubricating properties such as viscosity, viscosity index (VI), frictional properties of this synthetic ester (polyolester) are comparable to commercial synthetic biodegradable base oil except for its high pour point.
The TMPE produced form this reaction was then used in the formulation of Hydraulic Fluid [13] . In this formulation, Additive A and Additive B were introduced to the TMPE, respectively; in various percentages of additives by volume (namely 0.5%, 1.0%, 1.5% and 2.0%). It was found that 1.0% of Additive A was chosen as the best formulation by the analysis of Total Acid Number (TAN) and viscosity reading at 40°C and 100°C.
The classification also takes into account some important properties of these lubricants. Apart from the properties that are typical for all fluid lubricants, such as viscosity, viscosity index (VI), oxidation resistance, tribological and anticorrosion properties, the important features of hydraulic fluids are compressibility (a hydraulic fluid must be virtually compressible so that the fluid can transmit the power successfully), compatibility with seals, air-release and antifoam properties (to avoid gas entrapment and increases compressibility), filterability and as with engine and gear oil, shear stability in the case of non-Newtonian fluids [14] . The main focus of these lubrication properties in this work were the Pour Point, Wear and friction and Filterability test. The tests were conducted to monitor and evaluate the properties of the formulated TMPE; both before and after the formulated TMPE was exposed to lab-scale hydraulic machine. The results obtained from these tests were then compared to the commercial hydraulic fluid and with the unformulated TMPE. The total hours of exposure to the labscale hydraulic machine were 800 hours. The optimum formulation (1.0% by volume of additives) from the previous research [13] has been chosen as the tested oil to these lubrication tests.
II. MATERIALS AND METHODS

A. Material
The TMPE base oil (unformulated oil) was produced in a 10-liter reactor at the Chemical Engineering Laboratory, Universiti Putra Malaysia, Selangor. The oil was refined before it was used as the base oil for hydraulic fluid application [13] .
B. Additive
The additives used in this work was Irganox L135 (Additive A) which was supplied by Ciba Specialty Chemicals, Inc. Irganox L135 is a high molecular weight phenolic antioxidant normally used in lubricating oils. This additive was selected based on their excellent performance in previous work [13] .
C. Blending Preparation
The filtered and distilled TMPE base oil were blended with Additive A with the concentration of 1.0% (v/v). The sample contained 200 ml of TMPE base oil. The blending was achieved using magnetic hot plate stirrer at 40°C and 50 rpm for 1 hour (well mixed) [13] .
D. Sample Testing
The formulated sample (which contained 200 ml of oil + 1.0% of Additive A) was then used for Pour Point test, Wear and Friction test and Filterability test. The characteristics of the oil (namely, the Pour Point, Wear and Friction and Filterability) were monitor and checked before the formulated oil was exposed to the lab-scale hydraulic test rig (at 0 hour) and after the exposure (after 800 hours of operation of hydraulic test). Another sample of oil was also prepared which contained of 7.54 liters of formulated oil (added with 1.0% v/v of Additive A), since the amount of oil required to run the lab-scale hydraulic test rig available is 7.54 liters.
E. Lab-scale Hydraulic Test Rig
The hydraulic test rig used was the lab-scale hydraulic system, from the Department of Mechanical Engineering, UPM. The capacity of the oil required by this hydraulic tank was 7.54 liters. The hydraulic test rig consists of hydraulic motor that involved rotation, double-acting cylinder together with load which act as working element, 4/3 way valve double spring retract solenoid to control the direction of the oil flow, throttled relief valve to control the pressure flow, PLC (Programme Logic Controller) to control the input and output system and lastly 24 V DC (Direct Current) as PLC current supply.
The system can carry a maximum load of 20 kg, with the pressure range of 240 to 910 psi. The maximum shear that the system can achieve is 3120 rpm, while the maximum operating temperature is 60°C. This system is controlled by a computer. It was run for 8 hours per day, for 100 days. Before the sample was poured into the hydraulic tank, the system was flushed with TMPE (unformulated oil) to ensure that all dirt and particles along a pipeline, pump, hydraulic cylinder and hydraulic motor are removed. Otherwise, the particles and dirt contain in the system will affect the properties and performance of the formulated hydraulic fluid. After the system was flushed, the formulated oil was poured into the hydraulic tank upon running the hydraulic test. At this point (at 0 hour), the reading of Pour Point, Wear and Friction and Filterability were checked just before the hydraulic machine was started. Then, the hydraulic machine was turned on and operated. Due to equipment limitation, the hydraulic test could only be conducted at 60°C and was able to run for only 8 hours continuously. The hydraulic test was continued the following day until the 800 hours run was completed. The Pour Point test, Wear and Friction test and Filterability test were again conducted after the 800 hours operation (completed run).
F. Pour Point (PP)
The pour point test was conducted according to the method described in ASTM D97. This apparatus or known as pour point tested was supplied by Petrotest Instrument, Germany which has a minimum temperature of -68°C using methanol as cooling media. About 43 ml of sample (oil) was placed in a jar test (until it reached the level mark). Then, the pour point apparatus was cooled down until the temperature reached to -36°C. While waiting for the pour point apparatus to cool down, the test jar that contained the sample was heated to 45°C by using water bath maintaining at 45°Cand then cooled down to 27°C in another water bath maintained at 27°C. After that, when the pour point apparatus reached -36°C, the test jar was placed in the hole (in a horizontal position) at the top of pour point apparatus as specified by the test method until the oil shows no movement. The pour point temperature was taken when the oil shows no movement when the test jar is held in a horizontal position for 5 seconds.
G. Wear and Friction
The wear and friction test was performed based on ASTM D2266. This test was conducted at the Tribology Laboratory, Department of Mechanical Engineering, Faculty of Engineering, Universiti Malaya. Two different loads were test on the oil, namely 15 kg and 40 kg, for 1 hour duration at the temperature of 75°C and 1200 rpm rotors speed. The amount of sample needed is about 10 ml per test.
The coefficient of friction was calculated based on equation 1. 
where = Coefficient of friction = Friction torque (kgmm) = Applied load (kg) = Distance from the center of the contact surface on lower balls to the axis of the rotation which is 3.67 mm.
The wear scar diameter (WSD) in mm was measured automatically by using microscope (Cof) after the value of coefficient of friction µ has been obtained.
H. Filterability
The filterability test was conducted by using a simple filtration unit that connected to vacuum pump. The filter paper used was from Munktell Filter Paper unit (Grade 120H and 1F). The purpose of this filtration is to monitor the condition of the formulated TMPE at 0 hour (before run in the hydraulic system) and 800 hours (after operation is completed). Normally, after prolong operation, there would be particles deposited along the hydraulic pipeline. Therefore, before the filtration was started, the filter paper (blank) was weigh. Then, after pouring the oil (formulated TMPE) through the filter, the weight of the filter paper together with the particles remained on the filter paper was weigh again. The difference of the weights shows that there are particles in the hydraulic pipeline.
I. Filterability
The commercial hydraulic fluid, Bio-HVO2-42HYD Hydraulic Fluid [16] which is classified in ISO 46 is an ultimately biodegradable vegetable-based formula that replaces mineral oil-based hydraulic fluid and other competitive vegetable-based formula. The results of the Pour Point and Wear and friction test obtained at 0 hour were compared to Bio-HVO2-42HYD Hydraulic Fluid. There are no data on Wear and friction test at the load of 15 kg and Filterability test. Table 1 shows the typical properties of Bio-HVO2-42HYD Hydraulic Fluid. 
A. Pour Point (PP)
The pour point of the formulated oil was measured for both samples, before the hydraulic test and after 800 hours of operation. The formulated oil at 0 hour and 800 hours shows the same pour point at 10°C. This is because of the slow rate of degradation at low operating temperature of 60°C, thus resulting in lower rate of polymerization of the molecules. The presence of additives may lower the attacking of the doublebond in the molecule structure. Therefore, the pour point after exposure remains the same as the pour point before exposure to the hydraulic system. Whereas, the pour point of TMPE (unformulated oil) was at 12°C. The difference was only 2°C compared to the formulated TMPE. The additive tends to lower the pour point of the sample. However, the pour point of the commercial hydraulic oil was at -30°C. Therefore, it is proposed that the pour point depressant additive should be added to this additive oil, apart from adding the anti-oxidant. This is because the pour point depressant can reduce the temperature of the oil. The pour point of a good lubricant should be kept below -15°C. A high palmitic content in the TMPE would also cause the oil to cease flowing at higher temperature. Earlier research had discovered that the pour point of TMPE can be reduced to -36°C without adding the additive [2] . 
B. Wear and Friction
The wear and friction test had been conducted on the formulated TMPE (at 0 hour and 800 hours) and commercial hydraulic oil. The WSD (Wear Scar Diameter) in mm and coefficient of friction (CoF), µ of the oils are recorded in Table 3 by using 15 kg and 40 kg load. Based on Table 3 , the comparison can only be made between the formulated TMPE (at 0 hour and 800 hours) and also with the unformulated TMPE, since there is no information about the wear test conducted on the commercial hydraulic oil by using 15 kg load. As expected, the WSD increased after 800 hours operation, where the value increased from 1.0 mm to 1049 mm. Compared to WSD of unformulated TMPE, the unformulated TMPE exhibits lower than the formulated TMPE (at 0 hour) which provides less wear to the hydraulic system. The used of Additive A did not improve the wear because it is not an anti wear additive. However, the lubricity of the unformulated TMPE delays the wear of the components in the hydraulic system. The 40 kg load was also tested on the lubricants as mentioned above. The WSD for the formulated oil at 0 hour and 800 hours were 3.24 mm and 3364 mm, respectively. The higher value of WSD obtained by the formulated TMPE as compared to unformulated TMPE is may be due to the presence of impurities in the formulated TMPE. The oil was not filtered before it was sent for testing. At the end of 800 hours operation, the WSD of additive oil for both loads (15 kg and 40 kg) increased sharply to 1049 mm and 3364 mm. The presence of particles due to oxidation process or parts of the plate materials can cause scars [17] . This is because when oil oxidizes from alcohol to ketone, aldehyde and carboxylic acid, the acidic contents will deposited along the pipe wall, and thus generates particles. These particles will be in the hydraulic pipeline which consists of pump, double-acting cylinder and hydraulic motor, along with the oil. After prolong operation, these particles will cause damage to the hydraulic components, and then resulting in wear. The unformulated TMPE performed better WSD compared to the formulated TMPE, but still inferior to the commercial hydraulic oil, 0.36 mm. Antiwear additive should be used in this formulation in order to reduce the wear, since wear can cause the malfunction of the machine which leads to major impact to the industrial lubricant. 
C. Filterability
Modern high pressure hydraulic equipment incorporating complex arrangement sensitive servo-valves, pumps, etc., makes considerable demands on the cleanliness aspect of hydraulic fluid. Although a hydraulic may appear clean and bright, without any sign of visible mechanical impurities, it may nevertheless still contain excessive amounts of microscopic particles capable of affecting the accuracy of critical numerically controlled (NC) machines. The accuracy of these machines is dependent upon an extremely clean hydraulic fluid as the controlling servo-valves are precision units with very fine clearance. Any content of hard particles in the fluid could easily damage the sharp metering edges of the valves by abrasion or erosion, thus resulting in machine inaccuracies [18] . Figure 1 shows the filterability results of hydraulic system by using the formulated TMPE which were measured at 0 hours, 24 hours, 48 hours, 72 hours, 96 hours, 200 hours, 400 hours, 600 hours and 800 hours. Before filtration, the blank weight was 0.85 g. From 0 hour up to 48 hours, there was a slight increased between 0.32 g to 0.35 g. There were no significant changes of particle contents from 72 hours to 200 hours, since the range was between 0.39 g and 0.39 g. However, after 200 hours of operation, the particle contents increased sharply from 0.43 g at 400 hours to 0.65 g at the end of operation (800 hours). Therefore, it had been observed that with operating hours, there were particles built in the system. It is proposed that a filter paper with finer pores is installed after the circulation pump to minimize the wear of the equipment due to the presence of particles.
IV. CONCLUSIONS
The main objective of this research was to study the lubrication properties of the formulated TMPE, namely the Pour Point, Wear and friction and Filterability test after the formulated TMPE being exposed to 800 hours of hydraulic testing. The results obtained were then compared to the commercial hydraulic fluid and with the unformulated TMPE.
The pour point obtained in this research was 10°C before application (at 0 hour). This temperature was much higher compared to commercial hydraulic fluid, which has a pour point temperature of -30°C. Thus, it is proposed that a pour point depressant additive be added to the sample.
Wear and friction test was also conducted on this formulated oil. At 15 kg load, the WSD was 1.0 mm and the friction coefficient was 0.04 at 0 hour. After 800 hours operation, the WSD increased to 1049 mm with the coefficient of friction was 0.08 mm. This shows that after prolong exposure of temperature and mechanical work which include pumps and shear rate, the WSD increased sharply. There was no comparison made with the commercial hydraulic fluid since there was only 40 kg load data available. Meanwhile, at 40 kg load, the WSD recorded was 3.24 mm (at 0 hour) compared to commercial hydraulic fluid, 0.36 mm and also the unformulated TMPE, 0.64 mm. After 800 hours, the reading was even worst, which the value of WSD recorded was 3364 mm. This is mainly due to the presence of acidic compounds since the oil oxidizes from alcohol, ketone, aldehyde and lastly to carboxylic acid; which then generates particles and cause wear to the hydraulic components. This is supported by filterability study, where it was observed that particles were present in the hydraulic oil. Initially, there was 0.32 g of particles in the system and then increased up to 0.65 g after 800 hours operation.
